A simple, rapid, and sensitive UHPLC-UV-MS method was developed for the quantitative determination of betaine (1), choline (2), acetylcholine (3), and 20-hydroxyecdysone (4) from various species of Atriplex. The baseline separation of the four analytes was achieved on a reversed phase C18 column within nine minutes. The mobile phase was composed of 50 mM ammonium formate in 2% methanol-water containing 5 mM sodium dodecyl sulfate (pH = 8.2) and methanol with 0.01% ammonium hydroxide. The analytical method was validated for recovery, precision, limits of detection (LOD), and limits of quantification (LOQ). The developed method was applied for the characterization and quantitation of analytes from plant parts of different Atriplex species, including A. canescens, A. fruticulosa, A. fasciculata, A. semibaccata, and A. lentiformis. Compounds 1-4 were found in a range of 0.53-1.61%, detection under limit of quantification (DUL)-0.74, DUL-0.0038, and 0-0.10% (w/w, mg in 100 mg plant material), respectively, in test samples. In leaf and fruit of A. canescens, a high content of 1, 2, and 4 were identified. The content of 1, 2, and 4 in A. canescens explains the potential implications of this native US plant for human health and nutrition. The result of this study provides a new method to analyze these phytoconstituents simultaneously in a mixture.
Species of the genus Atriplex, belonging to the plant family Amaranthaceae (i.e., previously known as Chenopodiaceae), are annual or perennial herbs and shrubs distributed mainly in tropical, subtropical desert or semi-desert areas. They are edible as food with high protein and mineral content [1] . Atriplex is well adapted to both salt and drought stress, and is used as a highly adaptable restorative plant [2] . The genus also exhibits desirable tolerance to changing climate and soil pH which makes it a potential plant with environmental, nutritional, and agronomic values [2, 3] . A. canescens (Pursh) Nutt., known as four-wing saltbush, chamise, saltsage, and/or white greasewood [1] , is native to North America and widely grown in the north-south from southern Alberta to Central Mexico and east-west from the Missouri River to the Pacific Coast of the United States. The Navajo Indians in North America used this plant in folk medicine for various ailments including ant bites, nervous disorders, colic, and menstrual problems [4, 5] . They also used leaves as salad, ground seed flour into bread and porridge as a complement to wheat flour [1] .
As a part of our on-going investigations of natural products affecting the central nervous system (CNS) [6] , an N-trimethylated amino acid and its hydroxylated derivative, namely betaine and choline, respectively, and a phytoecdysone, 20-hydroxyecdysone, were isolated and characterized as the major constituents from A. canescens. Betaine (1) , an FDA approved drug, known as Cystadane ® , is used for the adjunctive treatment of homocystinuria, which is a childhood genetic disease that accumulates homocystine in the serum leading to multi-systemic disorder of connective tissues, muscle, the cardiovascular system (CVS) and CNS. Choline (2) , an essential nutrient often grouped together with vitamin B-complex, is a precursor for the neurotransmitter acetylcholine, which controls memory and muscle. Moreover, a recent case study reported that betaine and choline together reduce the risk of nasopharyngeal [7] and lung carcinomas [8] , as well as cardiovascular diseases [9] , while betaine has protective effects against LPS-induced memory impairment [10] . 20-Hydroxyecdysone (4) is used in dietary supplements to enhance physical performance and has been reported for a wide-range of pharmacological effects including antidepression, reduced body stress and increased physical, and sexual performances [11] . It also protects against oxidative stress-induced neuronal injuries and CoCl 2 cell injury in PC12 cells [12] . The common approach for the analysis of betaine and choline is high performance or ultra-high performance liquid chromatography coupled with mass spectrometry detection (HPLC/UHPLC-MS) [13] [14] [15] [16] , but for the characterization of 20-hydroxyecdysone HPLC-UV and HPLC-MS techniques are normally used [17] [18] [19] [20] [21] . However, no analytical method has been reported to date for the simultaneous determination of betaine, choline, acetylcholine, and 20-hydroxyecdysone.
With the aim to detect and quantify betaine (1), choline (2), acetylcholine (3) and 20-hydroxyecdysone (4) from Atriplex species, a fast and sensitive UHPLC-UV-MS method was developed using a single injection. , respectively, and with PDA detection at UV 247 nm for compound 4. As shown in Table 1 , fragment ions were also used in the characterization of compounds 1-4. The specificity and identity of the UHPLC method were determined by injecting individual standard samples. No interference was observed for any of the components. The purity of the analytes and other peaks was found to be satisfactory.
Extraction solvents including methanol and water with different ratios were evaluated by checking recoveries of major constituents (1, 2, and 4) in A. canescens (NIX400700-1B). Best results were obtained with 80% methanol in water with sonication and repeated extraction. The accuracy of the method was determined only for three major constituents by spiking with known amounts of standard compounds in A. canescens (NIX400700-1B). The spiking samples were consecutively extracted and analyzed under optimized conditions. The recovery rate in the accuracy study was calculated as: Recovery (%) = [Amount Found (mg)/Amount Calculated (mg)]  100%, in which Amount Calculated (mg) = Amount in Sample (mg) + Added Amount of Analyte (mg). The range of recovery was 92-101%, as shown in Table 1 . The LOD and LOQ were estimated by injecting dilute solutions of the standards with known concentration as shown in Table 1 .
Linear calibration plots for the related substance were obtained over the calibration range at five to seven concentration levels. The calibration curves for compounds 1-4 showed a linear correlation between concentration and peak area. As shown in Table 1 , the linear dynamic range is 0.05-10 g/mL for betaine (1), 0.1-10 g/mL for choline (2) , and 0.5-20 g/mL for acetylcholine (3), respectively, by the UHPLC-MS method, and for 20-hydroxyecdysone (4) the linear range is 1.0-200 g/mL by UHPLC-UV analysis. The results showed good linear correlation (r 2 > 0.99). The precision of the developed method was validated by carrying out three independent analyses per day for A. canescens, and this analysis was performed on three different days under optimized conditions. All the samples were injected in triplicate. The relative standard deviations (RSD) of the results obtained in inter-and intraday study were within 6%, and the maximum RSD was 5.1% for inter-day results of acetylcholine (3). The validation study proved that the newly developed method was suitable for routine analysis of analytes 1-4 from Atriplex plant samples.
With the aim to compare the contents of betaine (1) Table 2 ). Compounds 1-3 were identified in all nine samples. Content of 1 was in the range 0.53-1.61% (w/w, mg in 100 mg plant sample), and the highest amount of 1 was determined from the leaves of A. canescens. Compound 2 was also found in all nine analyzed samples in a range of DUL-0.74%. Compound 3 was detected from nine samples, but the content was much lower than that of betaine and choline in these species. The maximum UV absorption of 4 is 247 nm and was used for the quantification of 4 by UHPLC-UV. Out of five Atriplex species, A. canescens is the only one that was found to contain 20- 
Instrumentation and chromatographic conditions for UHPLC-UV-MS analysis:
All analyses were performed on a Waters Acquity UPLC system (Waters Corp., Milford, MA) that includes a binary solvent manager, sampler manager, heated column compartment, photo-diode array (PDA) detector, and single quadrupole detector (SQD). The instrument was controlled by Waters Empower 2
software. An Acquity UPLC BEH C18 column (2.1 mm× 100 mm I.D., 1.7 µm) also from Waters was used. The column and sample temperatures were maintained at 30C and 10C, respectively. The eluent consisted of 50 mM ammonium formate in 2% methanolwater containing 5 mM sodium dodecyl sulfate (pH = 8.2) (A) and methanol with 0.01% ammonium hydroxide (B). Analysis was performed using the following gradient elution at a flow rate of 0.2 mL/min: 0-2.5 min, 0% B to 3% B; 2.5-4.0 min, 3% B to 40% B; 4.0-8.0 min, 40% B to 43% B, and increasing B to 100% B in the next 1.0 min. The analysis was followed by a 3 min washing interval with 100% B and re-equilibration period of 4.5 min. All solutions were filtered through 0.45 µm PTFE filters and the injection volume was 5 µL. The PDA detection wavelength of 20-hydroxyecdysone was 247 nm. The ESI source was used in the positive mode. Mass spectrometer conditions were optimized to obtain maximal sensitivity. The source temperature and the desolvation gas temperature were maintained at 150 and 400C, respectively. The probe voltage (capillary voltage), cone voltage, and extractor voltage were fixed at 0.8 kV, 35 V, and 4.0 V, respectively. Nitrogen was used as the desolvation gas (650 L/h) and cone gas (25 L/h). Analyte identity was confirmed in selected ion recording mode. Mass spectra were obtained at a dwell time of 0.1 s in SIR and 500 Da/s scan rate.
Isolation of compounds:
The dried leaves (162 g) and mixed parts of fruits and leaves (515 g) of A. canescens were extracted by maceration with 95% EtOH (1:2; w/v  4). Filtrates of each extract were dried using a rotary evaporator at 40ºC to yield 9.8 g and 33 g, respectively. A portion of the extract (1 g) of leaves was chromatographed over a RP C18 column, eluting with H 2 O-MeOH (100:0-0:100) to yield 10 fractions. Elution with H 2 O yielded a mixture (F-1, 400 mg) of 1 and 2, which was separated by CPTLC (2 mm Chromatorotor [25] of neutral alumina; solvent: CHCl 3 -MeOH-H 2 O-NH 3 (7:3:1:1) to afford 1 (140 mg), followed by 2 (10 mg). The EtOH extract of fruit and leaf (25 g ) was subjected to solvent partitioning between MeOH -H 2 O (9:1) and n-hexanes, followed by CH 2 Cl 2 , yielding 1. 
Acetylation of 4:
Compound 4 (30 mg) was dissolved in pyridine (1 mL) and treated with Ac 2 O (2 mL). The reaction mixture was stirred overnight at room temperature, and then dried to give a residue, which was subjected to CPTLC (2 mm silica gel rotor, solvent: CHCl 3 -MeOH; 9:1) to give 20-hydroxy-ecdysone-2,3,22-triacetate (5) and 20-hydroxyecdysone-2, 3,22,25-tetraacetate (6) . Their structures were confirmed by NMR data [24] .
Sample preparation for UHPLC: Dry powdered plant material (0.5 g) was accurately weighed into a 15 mL centrifuge tube and 2.5 mL of 80% methanol (MeOH/water = 8:2, v/v) was added. The sample was sonicated for 30 min, then centrifuged at 4000 rpm for 15 min. The supernatant was transferred into a 10 mL volumetric flask. The procedure was repeated 3 times. After combining the respective supernatants, the final volume was adjusted to 10 mL with 80% methanol. The extracts were mixed thoroughly and filtered through a 0.45 m PTFE filter prior to UHPLC analysis. Some samples were further diluted up to 40 times to fit within the linear ranges of the calibration curve.
Preparation of standard solution: Individual stock solutions of standard compounds were prepared at a concentration of 1.0 mg/mL in methanol. Calibration curves were prepared using 5 to 7 different concentration levels in the range of 0.1-20 µg/mL for 1-3 using the UHPLC-MS method, but for 4 the calibration curve was in the range 1.0-200 µg/mL using the UHPLC-UV method at 247 nm.
Validation procedure: The UHPLC method was validated in terms of specificity, stability, recovery, precision, linearity, limits of detection and limits of quantitation. The LOD and LOQ were determined by injecting a series of dilute solutions with known concentrations. LOD and LOQ were defined as the signal-to-noise ratio equal to 3:1 and 10:1, respectively. The recovery samples were spiked with a known amount of standard compounds. The accuracy was evaluated for the recovery of standard compounds from spiked samples. Intra-and inter-day variations of the analyses were tested on 3 consecutive days with 3 repetitions in each day for determination of precision.
